Introduction
============

Transcription factors are one of the most critical components of gene regulatory networks that determine the overall course of growth and development by modulating diverse cellular and physiological activities in plants. Transcription factor activities are regulated frequently at the transcriptional level. Upon stimulation by internal and external cues, a transcription factor gene is induced, and the newly synthesized transcription factor is transported into the nucleus ([@B1]). Recent studies have shown that their activities are also regulated at various steps after gene transcription through RNA and protein metabolism and intermolecular interactions. Mechanisms underlying posttranscriptional control include processing of primary transcripts and transport of mature transcripts into the cytoplasm ([@B2]), controlled RNA metabolism by microRNAs and siRNAs ([@B3]), and formation of mRNA-ribosome assemblies ([@B4]). They are further regulated at the protein level by distinct molecular and biochemical mechanisms, which include posttranslational modifications ([@B5]), nucleo-cytoplasmic transport ([@B6]), and dynamic formation of homodimers and heterodimers ([@B7]).

Controlled activation of dormant transcription factors also plays an important role in gene expression regulation. It has been shown that a small group of NAC ([N]{.ul}AM/[A]{.ul}TAF1/2/[C]{.ul}UC2) and basic leucine zipper transcription factors is stored as dormant forms in association with cellular membranes, including plasma membranes, nuclear membranes, and endoplasmic reticulum membranes ([@B8], [@B9]). When plants are exposed to environmental stresses, the membrane-bound transcription factors are proteolytically activated by either ubiquitin-mediated proteasome activities or by specific membrane-bound proteases ([@B10]). It is now perceived that controlled proteolytic activation of membrane-bound transcription factors is a way of quick transcriptional response that ensures plant survival under stressful conditions ([@B11], [@B12]).

An additional, intriguing mechanism controlling transcription factor activities is dynamic formation of nonfunctional heterodimers between transcription factors and competitive peptide inhibitors. The first characterized is the ID1 (inhibitor of DNA binding 1) protein in animals ([@B13]). ID1 is a small protein having a helix-loop-helix domain but lacking the basic domain required for DNA binding. It associates with basic helix-loop-helix transcription factors, such as MyoD, E12, and E47, and inhibits their activities. A potential ID1 homologue in plants is the *Arabidopsis* KDR (kidari) protein. It negatively regulates a basic helix-loop-helix transcription factor HFR1 (long hypocotyl in far RED1) functioning in plant photomorphogenesis ([@B14]). It seems that KDR acts as a negative regulator by competitively forming heterodimers with HFR, although it has not yet been explored at the molecular level. Furthermore, it has been recently reported that small leucine zipper-containing proteins ZPRs (little zippers) interact with HD-ZIP III (class III homeodomain-leucine zipper) transcription factors via the ZIP motif and interfere with their DNA binding activities in *Arabidopsis* ([@B15], [@B16]).

In humans, the SHP (small heterodimer partner) protein, which mediates the HH/Gli (Hedgehog/glioma-associated oncogene homologue) signaling implicated in several malignancies ([@B17]), has a structural organization similar to those of the competitive peptide inhibitors in that it has a typical ligand binding domain like the Gli transcription factors but lacks a conventional DNA binding domain ([@B18]). However, it is distinct from the ID1 and ZPR competitors in that it suppresses the nuclear transport and transcriptional activation activity of the Gli transcription factors ([@B17]), suggesting that competitive peptide inhibitors affect diverse aspects of transcription factor activities.

Recent reexamination of the *Arabidopsis* genome has revealed that there are more than 3000 ORFs encoding small proteins consisting of less than 100 residues ([@B19][@B20][@B21]), which have not been annotated in the original prediction (*Arabidopsis* Genome Initiative). Notably, at least some of them encode proteins that possess limited sequence similarities to various transcription factors ([@B22]). Of particular interest are the MIF (mini zinc finger) proteins ([@B23]). The MIF proteins have zinc finger (ZF)[^2^](#FN3){ref-type="fn"} motifs having sequence similarities to the ZHD transcription factors. However, the homeodomain (HD) domains are missing in the MIF proteins ([@B24]). Although it has been suggested that the MIF proteins would be a novel class of ZHD transcription factors, their protein size and distinct domain structure are strikingly similar to those of ID1, KDR, and ZPR3. A MIF homologue, IMA (inhibitor of meristem activity), has been identified in tomatoes ([@B25]).

In this work, we demonstrate that the MIF proteins physically interact with a subset of ZHD transcription factors via the ZF motif. In particular, MIF1 negatively regulates the ZHD5 activities by forming nonfunctional heterodimers. The MIF1-ZHD5 heterodimers were excluded from the nucleus. They also showed reduced transcriptional activation activity. Consistent with the negative regulation of ZHD5 by MIF1, the phenotypes of the *ZHD5*-overexpressing transgenic plants were rescued by MIF1 coexpression. These observations indicate that the MIF1 protein (and other MIF proteins as well) acts as a dominant negative regulator of the ZHD transcription factors, extending the repertoire of competitive peptide inhibitors in plants. We propose that competitive peptide inhibitor-mediated transcriptional control is a genome-wide regulatory scheme.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Plant Materials and Growth Conditions

All *Arabidopsis thaliana* lines used were in the Columbia (Col-0) background. Plants were grown in a controlled culture room set at 22 °C with a relative humidity of 50% under long day conditions (16 h light/8 h dark). White light illumination (120 μmol/m^2^ s) was provided by FLR40D/A fluorescent tubes (Osram, Seoul, Korea). The 35S:*MIF1* transgenic plants were produced by expressing the *MIF1* gene under the control of the cauliflower mosaic virus (CaMV) 35S promoter in the pK7WG2D Gateway vector ([@B26]). The 35S:*ZHD5* transgenic plants were similarly produced but using the pB2GW7 Gateway vector. The 35S:*MIF1* transgenic plants were genetically crossed with the 35S:*ZHD5* transgenic plants, producing the *MIF1*x*ZHD5* plants.

#### Analysis of Transcript Levels

Total RNA extraction, reverse transcription, and quantitative real-time RT-PCR (qRT-PCR) were carried out according to the rules that have recently been proposed to ensure reproducible and accurate measurements ([@B27], [@B28]). RNA samples were pretreated extensively with RNase-free DNAse I to get rid of contaminating genomic DNA before use ([@B29]). The qRT-PCR primers used are listed in [supplemental Table S1](http://www.jbc.org/cgi/content/full/M110.167692/DC1).

qRT-PCR was carried out in 96-well blocks with the Applied Biosystems 7500 real-time PCR system using SYBR Green I master mix (Kapa Biosystems, Woburn, MA) in a volume of 20 μl. The primers were designed using the Primer Express software installed into the system. The two-step thermal cycling profile used was 15 s at 94 °C and 1 min at 68 °C. An *eIF4A* gene (At3g13920) was included in the reactions as an internal control to normalize variations in cDNA amounts used. The qRT-PCRs were carried out in biological triplicates using total RNA samples extracted from three independent plant materials grown under identical growth conditions in individual assays. The comparative ΔΔ*C~T~* method was used to evaluate relative quantities of each amplified product. The threshold cycle (*C~T~*) was automatically determined for each reaction by the system set with default parameters. PCR specificity was determined by melt curve analysis of amplified products using the standard method installed into the system.

#### Yeast Two-hybrid Assays

Yeast two-hybrid assays were carried out using the GAL4-based Match Maker two-hybrid system (Clontech, Palo Alto, CA). The yeast strain used was AH109 (*MAT*α *trp1 leu2*). The vectors used were pGADT7 (activation domain fusion, prey) and pGBKT7 (binding domain fusion, bait). The *MIF* and *ZHD* cDNAs were PCR-amplified using gene-specific primer sets ([supplemental Table S2](http://www.jbc.org/cgi/content/full/M110.167692/DC1)) and subcloned into the GAL4 activation domain and binding domain vectors. The bait-prey pairs were cotransformed into yeast cells. To eliminate false positives, the colonies obtained from the cotransformation were confirmed by separate dropping onto SD dropout medium and analyzing the activation of the second reporter gene (*lacZ*) by β-galactosidase filter lift assays ([@B30]). β-Galactosidase activities were also measured by a quantitative liquid culture method ([@B31]).

#### Production of Recombinant Proteins

The pET41a (+) vector containing a glutathione *S*-transferase (GST) gene fusion and the modified pMAL-c2X Gateway vector containing a maltose-binding protein (MBP) gene fusion were transformed into *Escherichia coli* Rosetta 2 (D3) cells (Novagen, Darmstadt, Germany). Gene expression was induced by 0.2 m[m]{.smallcaps} isopropyl 1-thio-β-[d]{.smallcaps}-galactopyranoside at 20 °C overnight. Processing of bacterial cells and purification of recombinant proteins were carried out according to the manufacturer\'s procedure. The purity and quantity of recombinant proteins were determined before use by analyzing on a 12% SDS-PAGE and staining with Coomassie Brilliant Blue R-250.

#### In Vitro Pull-down Assays

The \[^35^S\]methionine-labeled ZHD5 and MIF1 proteins were produced by *in vitro* translation using the TNT SP6 wheat germ extract-coupled system (Promega, Madison, WI). For *in vitro* protein-protein interaction assays, 4 μl of the ^35^S-labeled proteins was incubated with 3 μg of purified GST fusion proteins bound to glutathione-Sepharose beads in 1 ml of buffer A (50 mm Tris-HCl, pH 8.0, 150 m[m]{.smallcaps} NaCl, 1 m[m]{.smallcaps} EDTA, protease inhibitor mixture (Roche Applied Science), and 1 m[m]{.smallcaps} PMSF) overnight at 4 °C. The beads were washed five times, each time with 1 ml of ice-cold buffer A containing 0.1% Triton X-100. Bound proteins were eluted with an equal volume of SDS-PAGE loading buffer, boiled for 3 min, resolved on a 12% SDS-PAGE, and subject to autoradiography.

#### Electrophoretic Mobility Shift Assay (EMSA), EMSA-Western, and Western Blot Analysis

EMSA was performed as described previously ([@B32]) using 10 μg of protein and ^32^P-labeled double-stranded oligonucleotides ([@B33]) (see [supplemental Table S1](http://www.jbc.org/cgi/content/full/M110.167692/DC1)).

EMSA-Western analyses were carried out essentially as described previously ([@B34]). A "5×" EMSA was run on an 8% nondenaturing polyacrylamide gel. The bands of interest were excised, and proteins were eluted overnight in 200 μl of 2× SDS-PAGE loading buffer at 37 °C. The protein samples were boiled for 5 min before loading on a 12% SDS-PAGE for Western blot analysis.

For Western blot analysis following EMSA, which was performed with an unlabeled oligonucleotide probe, the gel was blotted onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA). A monoclonal anti-MBP antibody conjugated with horseradish peroxidase (HRP; ab49923, Abcam, Cambridge, UK) was used at a 1:10,000 dilution for detection of the ZHD5-MBP protein. For detection of the MIF1-GST protein, a polyclonal anti-GST antibody was used at a 1:10,000 dilution. The secondary antibody used was HRP-conjugated goat anti-rabbit IgG (NA934VS, Amersham Biosciences).

#### Transient Expression in Arabidopsis Protoplasts

A canonical binding sequence (NNATTA) of the HD domain-containing proteins ([@B35]) was fused to the minimal 35S promoter-GUS (β-glucuronidase) reporter gene cassette, in which four tandem repeats of the ATTA sequences were fused to the GUS-coding sequence ([@B36]). The effector vector contained a full-size *MIF1* or *ZHD5* gene driven by the CaMV 35S promoter. Preparation of *Arabidopsis* mesophyll protoplasts and polyethylene glycol-mediated transformation were carried out as described previously ([@B37]). For each transformation, an *Arabidopsis* protoplast suspension (2 × 10^6^ cells/ml) was transformed with 5 μg of the reporter construct alone or together with the effector construct or a vector control (pCAMBIA 1304). Transformed protoplasts were incubated in the dark for 16 h. GUS activities were measured fluorometrically using 4-methylumbelliferyl-β-[d]{.smallcaps}-glucuronide as substrate ([@B36]).

Luciferase activity assays were carried out using the Promega luciferase assay system. To normalize transformation efficiencies, the control vector pJD300 containing the CaMV 35S promoter-luciferase cassette was cotransformed with the reporter vector, as described previously ([@B38]).

#### Subcellular Localization Assays

Full-size *ZHD5* and *MIF1* cDNAs were fused in frame to the 3′-end of the green fluorescent protein (GFP)-coding sequence in the p2FGW7 vector ([@B26]). Similarly, a full-size *MIF1* cDNA was fused in frame to the 5′-end of the red fluorescent protein (RFP)-coding sequence in the 326-RFP vector ([@B39]).

The pSAT vectors, which were used for bimolecular fluorescence complementation (BiFc) assays ([@B40]), were kindly provided by Stanton Gelvin (Purdue University). The *ZHD5* and *MIF1* cDNAs were fused in frame to the 5′-end of a DNA sequence encoding the N-terminal half of EYFP in the pSATN-nEYFP-C1 vector (E3081) and to the 3′-end of a DNA sequence encoding the C-terminal half of EYFP in the pSATN-cEYFP-C1 vector (E3082), respectively.

The expression constructs were transformed into *Arabidopsis* protoplasts. Expression of the fusion constructs was examined 24 h after transformation by fluorescence microscopy using a Zeiss LSM510 confocal microscope (Carl Zeiss, Yena, Germany). GFP, RFP, and YFP samples were excited with 488-, 543-, and 514-nm argon laser lines, respectively, with an emission band of 500--530 nm for GFP detection, 565--615 nm for RFP detection, 535--590 nm for YFP detection, and 690--730 nm for chlorophyll autofluorescence.

For transient expression in onion epidermal cells, the p2FGW7 vector having a *ZHD5-GFP* fusion or a *MIF1-GFP* fusion and the pSATN-*ZHD5*-nEYFP-C1 (ZHD5-E3081) and pSATN-*MIF1*-cEYFP-C1 (MIF1-E3082) vectors were introduced into onion epidermal cells by particle bombardment as described previously ([@B41]). After incubation for 20 h at 23 °C, the cells were mounted in phosphate-buffered saline containing 1 μg/ml 4′,6′-diamidino-2-phenylindole (DAPI). The DAPI-stained cells were visualized by bright field and fluorescence microscopy.

#### Scanning Electron Microscopy

Appropriate plant materials were fixed in fixation solution (2% paraformaldehyde in 25 m[m]{.smallcaps} phosphate buffer, pH 7.0) at 4 °C for 24 h. The samples were subsequently incubated in 1% osmium tetroxide in 25 m[m]{.smallcaps} phosphate buffer, pH 7.0, at 4 °C for 2 h. They were washed with a series of ethanol dilutions (30, 50, 70, 80, 90, 95, and 100%), each for 10 min. After soaking in 100% isoamyl acetate for 15 min, the samples were subjected to critical point drying, coating with gold, and scanning electron microscopy (SEM) using the JSM 5410LV model (JEOL, Tokyo, Japan).

To examine leaf surfaces, the medial regions in the nonmarginal part of leaves were photographed using the computer image analysis software AnalySIS 2.1 (Soft-Imaging Software GmbH). Cell sizes were measured using the Labwork Image Acquisition and Analysis software (Media Cybernetics, San Diego, CA).

RESULTS
=======

### 

#### Interaction of MIF Proteins with ZHD Transcription Factors

The MIF proteins have limited sequence similarities to the ZHD transcription factors ([@B23]). However, they are structurally distinct from the ZHD proteins. Whereas both have the ZF motifs that mediate protein-protein interactions ([@B42]), the MIF proteins lack the HD domains that are required for DNA-protein interactions in many DNA-binding proteins ([@B43]). These structural characteristics are analogous to those of the ID1, KDR, and ZPR proteins, which act as competitive inhibitors of the basic leucine zipper and HD-ZIP III transcription factors ([@B13], [@B15], [@B16]). It was therefore hypothesized that the MIF proteins would be functionally similar to known competitive peptide inhibitors.

We first examined whether the MIF proteins interact with the ZHD proteins by yeast two-hybrid assays using the MIF proteins as baits and the ZHD proteins as preys. We determined the relative strengths of the interactions by measuring cell densities. As inferred from the protein structural analysis, the MIF proteins interacted with a subset of the ZHD proteins. Notably, the interaction patterns were quite diverse. The MIF proteins interacted strongly with ZHD5, ZHD8, ZHD10, and ZHD13 ([Fig. 1](#F1){ref-type="fig"}). In contrast, they did not exhibit any discernible interactions with ZHD4, ZHD11, ZHD12, and ZHD14. Although MIF2 and MIF3 interacted with ZHD3, MIF1 did not. In addition, only MIF3 showed measurable interaction with ZHD9.

![**Yeast two-hybrid assays on the MIF-ZHD interactions.** The MIF-ZHD interactions were examined by yeast two-hybrid assays. Relative strengths of the interactions are indicated. +++, very strong; ++, moderate; +, weak; −, no interaction.](zbc0061146280001){#F1}

The MIF-ZHD interactions were also examined by measuring β-galactosidase activities in yeast cells expressing different combinations of *MIF* and *ZHD* genes. The overall patterns of interactions were quite similar to those obtained by measuring cell growth on selective medium ([supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M110.167692/DC1)). One distinction was the high β-galactosidase activity in yeast cells expressing the *MIF1* and *ZHD3* genes, which was in contrast to the absence of interaction in the measurements of cell growth on selective medium ([Fig. 1](#F1){ref-type="fig"}). This may be because the MIF1-ZHD3 dimers somehow repress yeast cell growth.

#### Interaction of MIF1 with ZHD5 via the ZIF Motif

The MIF1 protein has been molecular genetically characterized, and its role in growth hormone signaling has been examined through transgenic approaches and genome-wide expression studies ([@B23]). Our data indicated that ZHD5 strongly interacts with MIF2 and MIF3 as well as MIF1 ([Fig. 1](#F1){ref-type="fig"} and [supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M110.167692/DC1)). Therefore, the MIF1 and ZHD5 proteins were chosen for further analysis.

The MIF1-ZHD5 interactions were further examined by *in vitro* pull-down assays using a recombinant MIF1-GST fusion protein prepared in *E. coli* cells and a \[^35^S\]methionine-labeled *in vitro* translation product of the *ZHD5* gene. The results showed that ZHD5 bound strongly to MIF1 ([Fig. 2](#F2){ref-type="fig"}*A*). In contrast, it did not bind to GST, supporting the specific interaction between MIF1 and ZHD5. To verify the MIF1-ZHD5 interaction, a \[^35^S\]methionine-labeled MIF1 peptide was produced by *in vitro* translation, and the ZHD5 protein was produced as a recombinant GST fusion in *E. coli* cells. *In vitro* pull-down assays showed that the MIF1 protein bound strongly to the ZHD5-GST fusion ([Fig. 2](#F2){ref-type="fig"}*B*). However, no visible binding was observed between MIF1 and GST. Together, these observations demonstrate that the MIF1 protein interacts physically with the ZHD5 transcription factor.

![**Interaction between MIF1 and ZHD5 via the ZF motif.** For the *in vitro* pull-down assays, the MIF1 and ZHD5 proteins were prepared either as recombinant GST fusions in *E. coli* cells or as \[^35^S\]methionine-labeled *in vitro* translation products. The GST protein was also included in the assays. − *lanes*, no addition of \[^35^S\]methionine-labeled proteins. The bound proteins were eluted using SDS-PAGE loading buffer and resolved on a 12% SDS-PAGE. One μl of the *in vitro* translation reaction mixture (50 μl) was loaded (*Input*). In *A*, *B*, and *D*, part of the Coomassie Blue-stained gel is displayed as a loading control (*lower panels*). *A*, *in vitro* pull-down assays using recombinant MIF1-GST fusion protein and \[^35^S\]methionine-labeled ZHD5. *B*, *in vitro* pull-down assays using recombinant ZHD5-GST fusion protein and \[^35^S\]methionine-labeled MIF1. *C*, mapping of the interacting domain. A full-size (*5-F*) and a series of truncated (*5-1* to *5-4*) ZHD5 forms (*top*) were produced by *in vitro* translation. Ten percent of each reaction was loaded on the SDS-PAGE (*bottom*). The *plus* and *minus symbols* indicate either positive interaction (+) or no visible interaction (−), as assayed in *D. D*, *in vitro* pull-down assays using a MIF1-GST fusion protein and \[^35^S\]methionine-labeled ZHD5 proteins. *SM*, size marker.](zbc0061146280002){#F2}

The ZHD proteins form homodimers and/or heterodimers ([@B44]). Our data showed that the MIF1 protein bound to the ZHD5 protein, suggesting that the MIF1 protein would also form homodimers. To examine this possibility, we performed *in vitro* pull-down assays using a \[^35^S\]methionine-labeled, *in vitro* translation product of the *MIF1* gene and a recombinant MIF1-GST fusion. As expected, the MIF1 protein bound to the MIF1-GST fusion ([supplemental Fig. S2](http://www.jbc.org/cgi/content/full/M110.167692/DC1)), demonstrating that the MIF1 protein forms homodimers as well as heterodimers with the ZHD proteins. We also examined whether the ZHD5 protein forms homodimers by *in vitro* pull-down assays using a \[^35^S\]methionine-labeled ZHD5 and a recombinant ZHD5-GST fusion. We found that the ZHD5 protein also forms homodimers ([supplemental Fig. S3](http://www.jbc.org/cgi/content/full/M110.167692/DC1)), as has been suggested previously ([@B44]). No interaction was detected between ZHD5 and GST.

It was observed that the MIF1 and ZHD5 proteins form heterodimers via the ZF motifs. To map the interacting domain, we produced a series of truncated ZHD5 proteins by *in vitro* translation ([Fig. 2](#F2){ref-type="fig"}*C*) and carried out *in vitro* pull-down assays using a recombinant MIF1-GST fusion protein. The MIF1-GST protein bound specifically to the full-size ZHD5 form (5-F) and a truncated form (5-2) having the ZF motif ([Fig. 2](#F2){ref-type="fig"}*D*). In contrast, the GST protein did not interact with any of the ZHD5 forms ([supplemental Fig. S4](http://www.jbc.org/cgi/content/full/M110.167692/DC1)). These observations indicate that the ZF motif is responsible for the MIF1-ZHD5 interaction.

#### Inhibition of DNA Binding of ZHD5 by MIF1

It has been recently reported that the ZHD5 protein ([@B44]), and perhaps other ZHD proteins as well ([@B45], [@B46]), binds to a 20-nucleotide sequence (AGTGTCTTGTA*ATTA*AAA). The ATTA core sequence is a canonical binding site for many HD domain-containing proteins ([@B47]).

To examine whether the MIF1 protein influences the DNA binding activity of ZHD5, EMSAs were conducted using recombinant MIF1-GST and ZHD5-MBP fusion proteins and a ^32^P-labeled DNA fragment containing the ATTA core sequence. The ZHD5-MBP fusion protein bound to the DNA fragment possibly as dimers, but the binding disappeared in the presence of an excess amount (100-fold) of competitor DNA ([Fig. 3](#F3){ref-type="fig"}*A*, *lanes 2* and *3*, and [supplemental Fig. S6](http://www.jbc.org/cgi/content/full/M110.167692/DC1), *left*). Western blot analysis following EMSA ([@B48]) revealed that the ZHD5 protein bound to the DNA fragment primarily as dimers, although ZHD5 monomers also bound to the DNA fragment ([supplemental Fig. S6](http://www.jbc.org/cgi/content/full/M110.167692/DC1)).

![**Inhibition of DNA binding and transcriptional activation activities of ZHD5 by MIF1.** *A*, EMSA. Recombinant MIF1 and ZHD5 proteins were prepared as GST and MBP fusions, respectively, in *E. coli* cells (see [supplemental Fig. S5](http://www.jbc.org/cgi/content/full/M110.167692/DC1)). Increasing amounts of MIF1 were added to the assays. Excess amounts of competitor DNA (×100) were included in the assays. The *arrowhead* indicates ZHD5 homodimer (*lane 3*) or ZHD5-MIF1 heterodimer (*lanes 4* and *5*). The *arrow* indicates ZHD5 monomer. *B*, Western blot and SDS-PAGE analyses of proteins eluted from EMSA-shifted bands. *Pu*, purified ZHD5-MBP or MIF1-GST fusions from *E. coli* cells; *3E*, *5E*, and *8E*, proteins eluted from parts, as marked by *Elution*, of *lanes 3*, *5*, and *8*, respectively, of the EMSA gel in *A*. Western blot analyses were carried out using a monoclonal anti-MBP or a polyclonal anti-GST antibody. The *arrowhead* indicates ZHD5-MBP, and the *arrow* indicates MIF1-GST. *C*, schematic representation of the effector and reporter constructs used. Ω, translation enhancer. *Nos-T*, Nos terminator. *D*, transient expression assays in *Arabidopsis* protoplasts. The empty vector without cDNA insert was included as control. For normalization of transformation efficiencies, the CaMV 35S promoter-luciferase vector was cotransformed in each assay. Three independent measurements were averaged and statistically treated using Student\'s *t* test (\*, *p* \< 0.01). *Error bars*, S.E.](zbc0061146280003){#F3}

However, the MBP protein alone did not bind to the DNA fragment under identical assay conditions (data not shown), confirming that the ZHD5 protein binds specifically to the ATTA-containing DNA fragment. The MIF1-GST fusion protein did not show any detectable binding to the DNA fragment, which is consistent with the lack of DNA binding domain in the MIF1 protein ([Fig. 3](#F3){ref-type="fig"}*A*, *lanes 7* and *8*, respectively).

We next included the MIF1-GST fusion protein in the DNA binding assays of the ZHD5-MBP fusion protein. The results showed that binding of the ZHD5-MBP homodimers to the DNA fragment decreased in the presence of the MIF1-GST fusion protein in a dose-dependent manner ([Fig. 3](#F3){ref-type="fig"}*A*, *lanes 4* and *5*), indicating that the MIF1 protein prevents the ZHD5 homodimers from DNA binding.

To examine whether the ZHD5-MIF1 heterodimers are formed in the EMSA, proteins were eluted from the shifted bands (Fig. *3A*, *lane 5*) and subjected to Western blot analysis using an anti-MBP or an anti-GST antibody. The results showed that the protein complexes bound to DNA contained both the ZHD5 and MIF1 proteins ([Fig. 3](#F3){ref-type="fig"}*B*), indicating that the ZHD5-MIF1 heterodimers bind to the DNA fragment but with a significantly reduced signal intensity of the DNA-protein complex. This may be related to the previous observation ([@B44]), in which it has been found that the ZHD proteins form various heterodimers more readily than homodimers (see "Discussion").

A question was whether the MIF1 protein influences the transcriptional activation activity of the ZHD5 homodimers and whether the ZHD5-MIF1 heterodimers possess the transcriptional activation activity. To answer the question, leaf mesophyll protoplasts were prepared from *Arabidopsis* plants harboring a GUS reporter vector, in which a fusion of the *GUS* gene with four tandem repeats of the ATTA sequence was subcloned upstream of the CaMV 35S minimal promoter ([@B36]). A couple of effector vectors were constructed by subcloning the *MIF1* or *ZHD5* cDNA sequence under the control of the CaMV 35S promoter ([Fig. 3](#F3){ref-type="fig"}*C*) and transformed into the mesophyll protoplasts. GUS activity assays revealed that expression of the ZHD5 protein increased the GUS activity ∼6-fold ([Fig. 3](#F3){ref-type="fig"}*D*). In contrast, expression of the MIF1 protein did not have any discernible effects on the GUS activity. When the ZHD5 and MIF1 proteins were coexpressed, the GUS activity decreased to a basal level. These observations indicate that the MIF1 protein inhibits the transcriptional activation activity of the ZHD5 protein. It is also clear that the ZHD5-MIF1 heterodimers are not transcriptionally active.

#### Modulation of Subcellular Localization of ZHD5 by MIF1

Our data showed that ZHD5 is a transcriptional activator, suggesting that it is a nuclear protein. It was therefore hypothesized that the MIF1 protein may also affect the subcellular localization of ZHD5.

We examined the subcellular localization of ZHD5 using a ZHD5-GFP fusion protein in *Arabidopsis* protoplasts. The ZHD5-GFP protein was localized predominantly into the nucleus ([Fig. 4](#F4){ref-type="fig"}*A*). Nuclear localization of the ZHD5-GFP protein was also confirmed by transient expression in onion epidermal cells and DAPI staining ([supplemental Fig. S7](http://www.jbc.org/cgi/content/full/M110.167692/DC1)). We next determined the subcellular localization of MIF1. A *MIF1-RFP* gene fusion was expressed transiently in *Arabidopsis* protoplasts. The RFP signal was detected in small vesicle-like structures in the cytoplasm ([Fig. 4](#F4){ref-type="fig"}*B*), although the identity of the small vesicle-like structures is unknown ([@B49]). Weak GFP signal was also detected in the nuclei of a few cells examined ([supplemental Fig. S7](http://www.jbc.org/cgi/content/full/M110.167692/DC1)).

![**Modulation of the subcellular localization of ZHD5 by MIF1 in *Arabidopsis* protoplasts.** *Arabidopsis* mesophyll protoplasts were transformed with the indicated constructs, such as ZHD5-GFP (*A*), MIF1-RFP (*B*), GFP vector only (*C*), ZHD5-GFP + MIF1-RFP (*D--F*), and ZHD5-nYFP + MIF1-cYFP (*G--I*), and visualized by fluorescence microscopy 24 h after transformation. *D* and *E* show the GFP and RFP signals of coexpressed ZHD5-GFP and MIF1-RFP proteins, respectively. *G*, image of the reconstructed YFP signals (BiFc signals). *H*, autofluorescence image. *F* and *I*, superimposed images.](zbc0061146280004){#F4}

We next examined whether the MIF1 protein influences the subcellular localization of the ZHD5 protein by employing two different approaches; one is coexpression of the ZHD5-GFP and MIF1-RFP fusions, and the other is reconstitution of YFP signals by BiFc. We first coexpressed the ZHD5-GFP and MIF1-RFP fusions transiently in *Arabidopsis* protoplasts and visualized both fluorescence markers simultaneously by confocal fluorescence microscopy. Both the GFP and RFP signals were distributed in small vesicle-like structures in the cytoplasm ([Fig. 4](#F4){ref-type="fig"}, *D* and *E*), a pattern similar to that of the MIF1-RFP distribution, showing that the subcellular localization of the ZHD5 protein is altered by the MIF1 protein ([Fig. 4](#F4){ref-type="fig"}*F*).

Image analysis of reconstituted YFP signals (BiFc signals) was also carried out to examine the effects of the MIF1 protein on the subcellular localization of the ZHD5 protein. The BiFc assay involves the reconstitution of YFP fluorescence upon association of the nonfluorescent N-terminal and C-terminal fragments of YFP ([@B50]). The ZHD5 protein was fused to the N-terminal fragment of YFP (ZHD5-nYFP), and the MIF1 protein was fused to the C-terminal fragment of YFP (MIF1-cYFP). We observed that ZHD5 forms a BiFc complex with MIF1 ([Fig. 4](#F4){ref-type="fig"}, *G--I*, and [supplemental Fig. S7](http://www.jbc.org/cgi/content/full/M110.167692/DC1)), indicating that the ZHD5-MIF1 complexes readily form *in vivo*. Furthermore, the YFP fluorescence was detected in small vesicle-like structures, as observed in the coexpression assays. These observations further confirm the interaction of the MIF1 protein with the ZHD5 protein and demonstrate that the MIF1 protein inhibits the nuclear import of the ZHD5 protein.

#### Inhibition of ZHD5 Functions by MIF1 in Planta

Our data indicated that the MIF1 protein inhibits DNA binding and nuclear import of the ZHD5 protein. We therefore investigated whether the MIF1 protein inhibits the ZHD5 function *in planta*. We produced *Arabidopsis* transgenic plants overexpressing the *MIF1* and *ZHD5* genes driven by the CaMV 35S promoter.

The 35S:*MIF1* transgenic plants exhibited dwarfed growth with small, dark green leaves ([Fig. 5](#F5){ref-type="fig"}*A*). In addition, the leaf surface was shiny, as has been observed previously ([@B23]). Transgenic plants overexpressing the *ZHD5* gene (35S:*ZHD5*) exhibited accelerated growth with larger leaves, which is in inverse to the 35S:*MIF1* phenotypes. The 35S:*MIF1* transgenic plants were then genetically crossed with the 35S:*ZHD5* transgenic plants, resulting in the *MIF1*x*ZHD5* plants. qRT-PCR assays of gene transcript levels revealed that overexpression of the *MIF1* gene did not influence the *ZHD5* gene transcription and *vice versa* ([Fig. 5](#F5){ref-type="fig"}*B*), excluding the possibility of *MIF1-ZHD5* interactions at the transcriptional level.

![**Phenotypic recovery of transgenic plants overexpressing *ZHD5* by *MIF1* coexpression.** *A*, phenotypes of transgenic plants. The *MIF1* or *ZHD5* gene was overexpressed under the control of the CaMV ^35^S promoter. Five-week-old transgenic plants grown in soil were photographed. The *MIF1*x*ZHD5* plants were produced by genetic cross of the 35S:*MIF1* and 35S:*ZHD5* transgenic plants. The inlet shows an enlarged view of the 35S:*MIF1* transgenic plant. *B*, expression of the *MIF1* and *ZHD5* genes in the transgenic plants. Transcript levels were determined by qRT-PCR using total RNA samples extracted from 2-week-old, whole plants grown on MS-agar plates. Biological triplicates were averaged. *Error bars*, S.E. Statistical significance was determined using Student\'s *t* test (\*, *p* \< 0.01). *C*, measurements of plant heights. Thirty plants fully grown in soil were measured and averaged (*t* test; \*, *p* \< 0.01). *D*, measurements of leaf areas. A series of rosette leaves from representative plants were photographed (*left*). Leaf areas were measured using the eighth rosette leaves of 20 plants and averaged for each plant group (*right*). *Error bars*, S.E. (*t* test; \*, *p* \< 0.01). *E*, cell sizes. Sizes of the cells from the adaxial sides of leaves were compared by SEM and the Labwork image acquisition and analysis program. Statistical significance of the cell size measurements was determined by Student\'s *t* test (*p* \< 0.01). *Scale bars*, 50 μm. *F*, floral structures. Floral structures were compared by SEM. Parts of sepals and petals were removed to visualize internal structures. *Scale bars*, 500 μm.](zbc0061146280005){#F5}

The overall phenotypes of the *MIF1*x*ZHD5* plants resembled those of wild-type (Col-0) plants ([Fig. 5](#F5){ref-type="fig"}*A*). The height of the *MIF1*x*ZHD5* plants was also close to that of wild-type plants ([Fig. 5](#F5){ref-type="fig"}*C*). The *MIF1*x*ZHD5* leaves were somewhat smaller than wild-type and 35S:*ZHD5* transgenic leaves but much larger than the 35S:*MIF1* transgenic leaves ([Fig. 5](#F5){ref-type="fig"}*D*). We also examined the leaf epidermal cells by SEM. Although the epidermal cells of the 35S:*MIF1* transgenic leaves were smaller than those of the wild-type leaves, they were larger in the 35S:*ZHD5* transgenic leaves ([Fig. 5](#F5){ref-type="fig"}*E*). Notably, the epidermal cells of the *MIF1*x*ZHD5* leaves were only slightly larger than those of the wild-type leaves. These observations indicate that the 35S:*ZHD5* phenotypes were efficiently rescued by *MIF1* expression, further supporting the MIF1 regulation of the ZHD5 activities.

The 35S:*MIF1* transgenic plants had distorted floral structures, such as short, crooked filaments and enlarged, twisted gynoecium ([Fig. 5](#F5){ref-type="fig"}*F*). In contrast, the reproductive organs were essentially normal in the 35S:*ZHD5* transgenic plants. The *MIF1*×*ZHD5* plants also had normal floral structures. The morphological recovery of floral structures in the *MIF1*×*ZHD5* plants would be explained by the suppression of the MIF1 effects by the ZHD5 protein through protein-protein interaction.

Taken together, our data demonstrate that the MIF1 protein serves as a negative regulator of the ZHD5 transcription factor by forming nonfunctional heterodimers ([Fig. 6](#F6){ref-type="fig"}). The MIF1 regulation of the ZHD5 activities occurs both in the cytoplasm and nucleus. Whereas the MIF1 protein blocks the nuclear import of the ZHD5 protein in the cytoplasm, it inhibits the DNA binding activity of the ZHD5 homodimers in the nucleus. This view is also consistent with the distribution of the MIF1 protein both in the cytoplasm and nucleus.

![**Schematic working model of MIF1.** The MIF1 protein inhibits nuclear localization of the ZHD5 protein by forming MIF1-ZHD5 heterodimers in the cytoplasm. In the nucleus, the MIF1-ZHD5 heterodimers have a lower DNA binding activity compared with that of the ZHD5 homodimers.](zbc0061146280006){#F6}

DISCUSSION
==========

We here demonstrated that a small *Arabidopsis* protein, MIF1, having a ZF motif modulates nuclear import and DNA binding of the ZHD5 transcription factor by forming nonfunctional heterodimers. Biochemical assays and transgenic studies support that the MIF1 protein acts as a dominant negative regulator of ZHD5 and possibly other ZHD transcription factors.

Since the first identification as potential regulators of the C~4~ phosphoenolpyruvate carboxylase functioning in plant responses to environmental stresses ([@B51]), diverse roles of the plant-specific ZHD transcription factors have been proven in growth hormone signaling ([@B52]), adaptive responses to environmental stresses ([@B53], [@B54]), pathogen-derived signaling processes ([@B55]), and inflorescence stem growth ([@B56]). There are 14 ZHD members in *Arabidopsis* ([@B24], [@B44]). The ZHD proteins form homodimers and a heterodimer ([@B44]). We found that MIF1 and its functional homologues MIF2 and MIF3 exhibit a dynamic interaction pattern with a subset of the ZHD transcription factors. This entails that the MIF proteins would be related with a wide array of plant responses to developmental and environmental cues. This view explains the pleiotropic phenotypes of the transgenic plants overexpressing the *MIF1* gene in *Arabidopsis* ([@B23]).

We found that the MIF1 protein interacts with the ZHD5 protein via the ZF motif. It has been shown that the ZF motif is necessary and sufficient for the dimer formation of the ZHD proteins ([@B51]). It is therefore expected that the MIF1-ZHD5 heterodimer formation competes with the ZHD5-ZHD5 homodimer formation in plant cells, providing a clue as to how the MIF1 protein regulates the activity of the ZHD5 transcription factor. Our observations indicate that the MIF1 protein interferes with the nuclear localization or promotes the nuclear exclusion of the ZHD5 protein in the cytoplasm and suppresses the DNA binding activity of the ZHD5 homodimers in the nucleus. This is also in agreement with the subcellular localization of the MIF1 protein.

Controlled nuclear localization is a well recognized mechanism regulating the activities of various transcription factors and other regulatory proteins in eukaryotes ([@B57], [@B58]). In many cases, nuclear import of transcription factors is regulated by posttranslational modifications, such as protein phosphorylation ([@B59]), and degradation of docking proteins ([@B60]). It is therefore possible that protein phosphorylation is involved in the subcellular localization of the ZHD5 protein. The MIF1 binding would influence the propensity of the ZHD5 phosphorylation by inducing conformational changes, resulting in disruption of the interaction of the ZHD5 protein with nuclear import and/or export machinery. A recent study has shown that association of a 14-3-3 protein with the basic leucine zipper transcriptional activator RSG (repression of shoot growth) is responsible for the cytoplasmic localization of RSG ([@B61]). Similarly, *Arabidopsis* ovate proteins regulate the subcellular localization of HD-containing transcription factors ([@B62]).

The results obtained from EMSAs indicate that the MIF1 protein inhibits the DNA binding of the ZHD5 homodimers. Dimer formation of transcription factors is a way of enhancing specific DNA binding activities ([@B63][@B64][@B65]). Interestingly, the MIF1-ZHD5 heterodimers possess DNA binding capacity, unlike what has been observed with the ID1 protein ([@B13]). However, the MIF1-ZHD5 heterodimers are transcriptionally inactive, as revealed by the transient expression assays in *Arabidopsis* protoplasts. A plausible explanation would be that the MIF1 protein inhibits the ZHD5 activity by forming transcriptionally inactive MIF1-ZHD5 heterodimers, which also compete with the ZHD5 homodimers for DNA binding.

We found that the MIF1 protein interacts with ZHD1, ZHD6, ZHD7, ZHD8, ZHD10, and ZHD13 in addition to ZHD5. A question is whether the MIF1 protein inhibits the activities of other ZHD transcription factors in a similar manner. It is possible that whereas the MIF1 protein and it functional homologues MIF2 and MIF3 may inhibit the activity of some ZHD members by blocking their DNA binding activities, they may interfere with the activity of other ZHD members by modulating their nuclear localization. It has not been examined how other competitive peptide inhibitors, such as ID1, KDR, and ZPR, regulate their target transcription factors. It will be interesting to investigate whether other competitive peptide inhibitors act in a similar manner as observed with the MIF1 protein.

We report here that at least three small proteins, MIF1, MIF2, and MIF3, act as dominant negative regulators of the ZHD transcription factors in *Arabidopsis*. A phylogenetic analysis of the ZHD and MIF proteins has suggested that the *MIF* genes might be derived from a *ZHD* gene, possibly by premature termination of the *ZHD* gene transcription ([@B24]). At least three ZPR proteins and six KDR proteins have been shown or proposed to function in a similar manner as do the MIF proteins in plants ([@B14][@B15][@B16], [@B66]). A small group of ID1 proteins have also been reported in animals ([@B67], [@B68]). A genome-scale screening has shown that there are up to 100 small proteins, consisting of 120 or fewer amino acids, which have a structural organization similar to those of the ZPR, KDR, and MIF proteins ([@B22]). We therefore propose that regulation of transcription factor activities by small competitive peptides has been adopted as a transcriptional control mechanism functioning broadly in eukaryotic genomes.
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